Complex DNA sequences are difficult to detect and profile, but are important contributors to human health and disease. Existing hybridization probes lack the capability to selectively bind and enrich hypervariable, long or repetitive sequences. Here, we present a generalized strategy for constructing modular hybridization probes (M-Probes) that overcomes these challenges. We demonstrate that M-Probes can tolerate sequence variations of up to 7 nt at prescribed positions while maintaining single nucleotide sensitivity at other positions. M-Probes are also shown to be capable of sequence-selectively binding a continuous DNA sequence of more than 500 nt. Furthermore, we show that M-Probes can detect genes with triplet repeats exceeding a programmed threshold. As a demonstration of this technology, we have developed a hybrid capture method to determine the exact triplet repeat expansion number in the Huntington's gene of genomic DNA using quantitative PCR.
of panels of disease-specific genes 21 or the whole exome 22 . However, existing hybridization probes face three limitations that render them unsuitable for binding and enriching complex nucleic acid sequences. First, the length of the probe is typically limited to between 20 and 50 nt to maintain sequence selectivity. Second, the target sequence in general cannot be highly repetitive. Third, probes are unable to differentiate between important and incidental variations in the target sequence.
Here, we present modular hybridization probes (M-Probes) that overcome the above limitations, enabling selective binding of long, complex and repetitive nucleic acid sequences from genomic DNA. The M-Probe is constructed from multiple probe segments, each targeting one section of a potentially long target sequence. The modular nature of the segments circumvents the synthesis limitations of oligonucleotides. Simultaneously, a competitive hybridization reaction is rationally designed to ensure single nucleotide specificity despite probe and target lengths of over 500 nt. The junctions between the probe segments tolerate up to 7 nt of sequence variation without significant effect on binding affinity, while even 1 nt variants at other locations result in more than threefold reduction. Finally, because individual segments can be formulated separately and then combined, the chance of probe malformation due to misaligned binding for repetitive sequences is minimized. We have used M-Probes to directly detect high-concentration target sequences (using a fluorophore-functionalized M-Probe) and to enrich low-concentration target sequences from heterogeneous genomic DNA samples (using magnetic beads and a biotinfunctionalized M-Probe). Figure 1a shows the general structure and construction of an M-Probe for direct detection of a target nucleic acid sequence. An M-Probe consists of a left universal segment u, n internal segments labelled s 1 to s n and a right termination segment t. In the termination segment t, the upper oligo is shorter than the lower oligo by a number of nucleotides, and the singlestranded nucleotides on the rightmost lower strand are referred to as the 'toehold' 23 .
Results

M-Probe design and validation
Each segment consists of two oligonucleotides hybridized to each other via a horizontal region; in the s and t segments, these horizontal regions' sequences are target-specific.
Throughout this Article, the lower oligonucleotides have sequence complementary to subsequences of the target, and the upper oligonucleotides have sequence identical to subsequences of the target. Different segments are hybridized to each other via two vertical 'arms' with sequences independent of the target. For efficient formulation, the two arms each have a unique sequence that is in silico designed to be orthogonal to the other, and also unlikely to bind to the human genome.
Following the hybridization reaction with the target sequence, the upper M-Probe oligos are released as a multistranded complex ( Fig. 1b) . Afterwards, the released multistranded complex can re-associate with the product and induce the reverse reaction. This reaction reversibility allows the hybridization between the target and M-Probe to be selective, regardless of the length of the target, following principles described in ref. 24 (see Supplementary Section 1 for design details). Figure 1c shows the fluorescence response of a sequence-selective n = 1 M-Probe to its target, a 43 nt sequence, as well as two singlenucleotide variants of the target. Simultaneously, the M-Probe is not poisoned by long-lived reaction intermediates with the variants, and the addition of target at 2 h results in an immediate and strong fluorescence response.
Programmed sequence variation tolerance
One technical challenge for many hybridization-based enrichment and detection methods is to tolerate potential single-nucleotide polymorphisms (SNPs) at known locations. Inherited SNPs are frequent in the human genome, with the literature reporting SNP frequencies of roughly 1 per 1,000 nt on average 25 . Many SNPs are intronic or synonymous mutations with no effect on protein sequence, but they may interfere with hybridization probe detection or enrichment due to their close proximity to clinically or scientifically important sequence variations. As one example, rs1050171 is a synonymous SNP in the EGFR gene (c. 2361G>A) with a 43% allele frequency in the human population. It is eight nucleotides away from the c.2369C>T (T790M) mutation that confers resistance to the cancer drug erlotinib. The 1000 Genomes and dbSNP databases 3,26 provide sequence, position and frequency information for SNPs with allele frequencies of 0.5% or higher in the human genome.
The M-Probe uniquely offers tolerance to sequence variations at the segment junctions ( Fig.  2a ), and sequence changes, insertions and deletions at these positions have only a small to insignificant effect on the overall hybridization reaction standard free energy. In contrast, target sequence variations at positions that hybridize to the segments result in bulges or mismatch bubbles that destabilize the hybridization product and render ΔG°H yb significantly more positive as compared to the intended target sequence, resulting in lower hybridization yield and fluorescence. Experimentally, we observe that up to 7 nt variations at the segment junctions have little impact on M-Probe hybridization yield ( Fig. 2b,d ), but even single nucleotide variants in segments s 1 and t result in a severe reduction in binding yield ( Fig.   2c ,d).For targets with known potential variations at particular loci, the M-Probe can be designed so that these loci correspond to the segment junctions. There is significant sequence variability in terms of number of nucleotides of insertion tolerated due to varying secondary structures. We believe, based on our experiments and published thermodynamic parameters, that a large majority of 7 nt insertions should be tolerated. However, there is no hard maximum on the number of insertion nucleotides tolerated; for example, a favourable target sequence bearing a 100 nt insertion that forms a perfect hairpin would probably still be tolerated.
Combinatorial M-Probe formation
Another feature of the modular construction of the M-Probe is that multiple different internal segments can be combinatorially combined to generate many different M-Probes for different target sequences ( Fig. 3a) . Given m i instances for each segment s i , the total number of M-Probes that can be constructed is given by where m t is the number of instances of the terminal segment t. The number of oligonucleotides used to construct these, in contrast, scales with the sum of m i :
For large n and m i values, combinatorial formulation significantly reduces the number of oligonucleotides needed to detect or enrich sequences. In human T cells, the TCR-β gene undergoes VDJ recombination in which 1 V, 1 D and 1 J gene region are selected from 48 V, 2 D and 13 J genes segments, respectively ( Fig. 3b ). Random deletions and non-templated insertions occur at the V-D and D-J junctions to provide further T-cell receptor diversity to facilitate recognition of diverse antigens. Combinatorially formulated M-Probes that tolerate sequence variation at the VDJ junction are thus well suited for hybridization-based detection and enrichment of the recombined TCR-β gene.
Because of the short length and high sequence variability in the D gene region, we elected to consider the entire D region as variable and designed the M-Probes to be n = 1, with the s 1 segment corresponding to the V region and the t segment corresponding to the J region. m 1 = 8 and m t = 6 different instances of the s 1 and t segments were designed, allowing the detection of 48 combinatorially recombined VDJ sequences (Fig. 3c ). The bulge formed between the segments upon binding an M-Probe to its intended target varies in length between 8 and 32 nt. See Supplementary Sections 2 and 3 for details of the M-Probe design. Figure 3d presents a summary of the hybridization between 48 TCR-β sequence targets and the 48 M-Probes. The main diagonal corresponds to endpoint fluorescence of the 48 ontarget hybridization reactions in which the target perfectly matches the M-Probe in the identity of the s 1 and t regions (see Supplementary Section 4 for data acquisition details).
The dark blue off-diagonal squares correspond to 576 off-target hybridization reactions in which the target matches the M-Probe in the identity of either s 1 or t, but not both. Grey squares denote combinations in which both the s 1 and t segments of the M-Probe are mismatched to the target; these were not tested as they were judged to be unlikely to yield a significant hybridization response.
Of the 624 hybridization reactions experimentally characterized, all off-target hybridization experiments generated less than 0.6 a.u. of fluorescence, while 43 (90%) of the on-target hybridization generated more than 0.6 a.u. of fluorescence and 30 (63%) generated more than 1.2 a.u. of fluorescence ( Fig. 3e ). Thus, the predominant failure mode appears to be that a fraction of the M-Probes fail to hybridize significantly with their matched target sequences. Possible reasons for underperformance include unfavourable hybridization thermodynamics due to inaccurate estimates of the destabilizing effect of large bulges and slow hybridization kinetics due to secondary structure in the target sequence. Empirical optimization of M-Probe sequence design may overcome thermodynamics errors, and the operation of M-Probes at higher temperatures may accelerate hybridization kinetics.
Long targets
M-Probes with n ≥ 1 have multiple target-specific segments (including t) and can circumvent oligonucleotide synthesis limitations to probe longer continuous target sequences. For example, given an oligonucleotide synthesis limitation of L nucleotides (L = 100 M-Probes retain their high sequence selectivity even when binding long DNA targets. Figure  4 shows the detection of two SNPs within two different 560 nt targeting regions. The targets for these experiments are amplicons from the NA18562 and NA18537 cell line genomic DNA, which differ by only a single nucleotide in the middle of the M-Probe targeting region. There has been no previous demonstrations of single-nucleotide selectivity in DNA hybridization probes for probe lengths longer than ~50 nt. Consequently, M-Probes increased the effective length range of allele-specific detection and enrichment by more than tenfold and could potentially be used as a novel method for confirming sequence. We also designed and tested M-Probes with targeting sequences that were 99, 160, 218 and 430 nt long and obtained the expected results (see Supplementary Section 5 for details).
Trinucleotide repeat profiling
DNA trinucleotide repeat expansion is a difficult problem for standard molecular analysis technologies due to the long lengths and repetitive sequences involved. There are over 20 hereditary neurological disorders linked to an increased number of DNA trinucleotide repeats 12 ; examples include Huntington's disease (CAG repeats), fragile X syndrome (CGG repeats) and Friedreich's ataxis (GAA repeats). In each of these diseases, the relevant genes of affected patients feature a triplet repeat count number above a threshold amount (for example, 27 repeats for Huntington's disease), as compared to healthy individuals' genes, which have a sub-threshold number of triplet repeats. Supplementary Fig. 1-5 ), for the repeat sequence M-Probes in this section, segments were individually annealed and subsequently combined (See Supplementary Methods) . A series of M-Probes were designed, each targeting a different number of CAG repeats, and any HTT gene sequence with a repeat number equal to or exceeding the M-Probe's repeat number will elicit a positive signal.
Thus, when aliquots of an HTT gene or amplicon are reacted with the series of M-Probes, the longest M-Probe that still generates a positive signal indicates the number of triplet repeats. Figure 5b shows the fluorescence response of a conditionally fluorescent M-Probe targeting 18 CAG repeats to five different DNA oligonucleotide targets bearing 12, 15, 18, 21 and 24 repeats (labelled T12, T15, T18, T21 and T24, respectively). The M-Probe shows significant binding to T18, T21 and T24, but not to T12 and T15, confirming that this M-Probe functions as designed in acting as a programmable high-pass filter on trinucleotide repeat number. Figure 5c shows a summary of the response between different M-Probes and synthetic oligonucleotide targets, and significant hybridization is observed only when the number of target repeats equals or exceeds the M-Probe repeat number. Similar M-Probes were also verified to profile the triplet repeat number for CGG repeats (associated with fragile X syndrome) and GAA repeats (associated with Friedriech's ataxia). (See Supplementary Section 6 and Supplementary Fig. 6-4 for details and results.)
To apply M-Probes to profiling the triplet repeat number in HTT in genomic DNA samples, biotin-functionalized M-Probes were used to selectively bind DNA with HTT sequence exceeding the threshold number of triplet repeats (Fig. 5d ). The genomic DNA sample was first pre-amplified with a five-cycle PCR protocol to generate amplicons bearing the HTT triplet repeats as well as a minimal 20 nt upstream and 14 nt downstream from the repeats. Amplicons generated in this fashion do not have long 5′ and 3′ overhangs that may interfere with hybridization to M-Probes (due to secondary structure, and so on). These amplicons were subsequently incubated with the appropriate M-Probe and captured by streptavidin-coated magnetic beads. Unbound DNA molecules were removed using a wash step. The captured DNA was eluted and quantitated using qPCR (Fig. 5e ).
Amplification of HTT genes with less than the threshold repeat number (number of triplets in the M-Probe) showed a significantly higher cycle threshold (Ct) than the HTT genes exceeding the threshold repeat number. By designing two different M-Probes, one targeting 9 repeats and one targeting 27 repeats, we could control for sample variability and determine the potential disease status through the difference in the observed Ct values (ΔCt). Small (<2) ΔCt values indicate that at least one of the two HTT gene copies exceeds 27 repeats, and large (>5) ΔCt values indicate the opposite. Residual amplification of the low-repeatnumber HTT genes is probably due to non-specific binding of genomic DNA to the magnetic beads (data not shown). Figure 5f summarizes the observed results for seven genomic DNA samples, five with known HTT genotypes and two unknown. Our method correctly identified the length status of the five known samples and determined that the NA18537 and NA18524 samples both only possessed HTT genes with fewer than 27 CAG repeats. The two M-Probe systems (here targeting 9 and 27 repeats) represent the minimal protocol needed for determining disease likelihood in an unknown genomic DNA sample.
More precise quantitation of the HTT triplet repeat number can be achieved by extending the method to include more M-Probes with varying triplet repeat thresholds. To demonstrate this point, we designed five different M-Probes targeting 33, 35, 36, 37 and 39 CAG repeats, and applied it to the NA20248 genomic DNA sample. The experimental Ct values for the M-Probes targeting 37 and 39 repeats were more than five cycles higher than for M-Probes targeting 33, 35 and 36 repeats, suggesting correctly that the sample had one HTT gene copy with exactly 36 CAG repeats (Fig. 5g ).
In addition to the hybrid-capture workflow we present here, an alternative approach to profiling triplet repeats using M-Probes is to amplify the HTT gene to above nanomolar concentrations and then directly react the amplicons with conditionally fluorescent M-Probes. The relative advantage of this second approach is that the solid-phase separation steps are avoided, reducing the total hands-on time. Its relative disadvantage is that opentube steps on high-concentration amplicons are likely to lead to laboratory contamination and are therefore undesirable in diagnostic settings. Proof-of-concept experiments using the secondary approach to profile HTT triplet repeat number are provided in Supplementary Section 6. Both approaches can reliably detect repeat expansion with single repeat resolution in a small range of expansion (for example, 27-40 for Huntington's disease)-this is difficult to achieve using previously reported methods [27] [28] [29] [30] . A larger range of expansion can also be profiled by using M-Probes with more and/or longer segments.
Discussion
Conceptually, the M-Probe can be thought of as a multistranded equivalent of the toehold probe 24, 31 , in which the probe (the lower oligo) and the target-mimic (the upper oligo) sequences are distributed across multiple oligonucleotides connected by arms. The main advantages of the M-Probe over toehold probes are as follows: (1) it enables robustness to target sequence variation at/near the segment boundaries; (2) it allows longer target regions because limitations on oligonucleotide synthesis lengths are independent of the number of segments n; and (3) it decouples the expensive functionalized oligonucleotides from nonfunctionalized target-specific oligonucleotides, thereby reducing prototyping costs. The X-Probe, which we have presented previously 32 , can be thought of as a special case of the M-Probe with n = 0, which captures benefit (3) but not (1) or (2). For short target sequences, the performances of conditionally fluorescent toehold probes, X-Probes and M-Probes are similar ( Supplementary Fig. 1-5 ).
As far as we are aware, the M-Probe represents the first experimentally demonstrated probe where single-nucleotide selectivity can be achieved simultaneously with tolerance to multinucleotide variation at specified positions. Previously, researchers have incorporated degenerate nucleotide mixtures (for example, N 18,33 ) or universal artificial nucleotides (for example, inosine 34 ) in probes to confer sequence variation tolerance, but such approaches do not equally tolerate insertions, deletions and replacements. Furthermore, these approaches are generally not compatible with double-stranded probes, which allow single-nucleotide selectivity across long target regions.
Regarding target length, we have demonstrated an M-Probe that sequence-selectively binds a 560-nt-long target sequence from human genomic DNA. This is the longest continuous target sequence sequence-selectively hybridized by more than a factor of 10 (refs 20, 31). a, A series of M-Probes were designed, each targeting a threshold number of triplet repeats (CAG in the case of Huntington's gene, HTT). Only target sequences meeting or exceeding its threshold repeat number will hybridize significantly to an M-Probe. In addition to the repeat region (yellow), the M-Probe also binds to an 8 nt downstream sequence (green) to ensure specific hybridization to the HTT gene. b, Experimental fluorescence response of synthetic oligonucleotide targets bearing different numbers of triplet repeats to an M-Probe designed to detect targets with ≥18 CAG repeats. Here, [M-Probe] = 10 nM and [Target] = 30 nM; hybridization proceeded at 37 °C in 1× PBS. c, Summary of M-Probe responses to eight synthetic targets. Minimal hybridization was observed when the target repeat number was less than the M-Probe repeat number. d, Workflow for selective capture of high repeat HTT gene from genomic DNA using biotin-functionalized M-Probes ( Supplementary Fig.  6-8 ). Streptavidin-functionalized magnetic beads were used to separate bound from unbound DNA. Captured DNA molecules were subsequently amplified and quantitated by qPCR. e, qPCR amplification traces of captured HTT gene from the NA20209 and NA20245 genomic DNA samples (125 ng gDNA initial input per reaction). M-Probes targeting 9 repeats (M-Probe9) and 27 repeats (M-Probe27) were used to classify gDNA samples. The five cycle threshold difference (ΔCt) observed for NA20245 indicates that capture of HTT genes with above the threshold number of repeats was roughly 30-fold more efficient than for those below the threshold. f, Summary of experimentally observed Ct values for seven genomic DNA samples (mean values for triplicate runs). Samples with fewer than 27 repeats show more than five-cycle ΔCt, and samples with expanded triplet repeats (at risk for Huntington's disease) exhibit less than two-cycle ΔCt. g, Precise determination of triplet repeat number using a series of M-Probes. Five different M-Probes targeting 33, 35, 36, 37 and 39 repeats were constructed and applied to the NA20248 genomic DNA sample. NA20248 was determined correctly to possess an HTT gene with 36 repeats based on the observed Ct values.
